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A B S T R A C T   

This paper reviews how the Additive Manufacturing (AM) industry played a key role in stopping the spread of the 
Coronavirus by providing customized parts on-demand quickly and locally, reducing waste and eliminating the 
need for an extensive manufacturer. The AM technology uses digital files for the production of crucial medical 
parts, which has been proven essential during the COVID-19 crisis. Going ahead, the 3D printable clinical model 
resources described here will probably be extended in various centralized model storehouses with new inventive 
open-source models. Government agencies, individuals, corporations and universities are working together to 
quickly development of various 3D-printed products especially when established supply chains are under 
distress, and supply cannot keep up with demand.   

1. Introduction 

Mankind has seen different pandemics since the starting where a 
portion of them were more horrendous than the others to the people. 
The worldwide emergency of novel coronavirus also referred to as 
COVID-19 initially detected in the Wuhan region of China. As of August 
2020, there is no proven vaccine for COVID-19, but numerous contin-
uous clinical preliminaries are assessing expected medicines [1–3]. 

3D printing [4–12] is an essentially unique method of creating parts 
contrasted with conventional subtractive or formative manufacturing 
technologies. In 3D printing the part is made directly onto the built stage 
layer-wise, which prompts a novel arrangement of advantages and 
confinements - more on this beneath. The 3D printing technique needs to 
think outside the standard for changing human services. In a few words, 
3D printing consists of empowering specialists to treat more patients, 
without sacrificing results. Hence, similar to any innovation, 3D printing 
has presented numerous favorable circumstances and conceivable out-
comes in the clinical field [13–15]. 

2. Traditional manufacturing vs Additive manufacturing, the 
best method for the job 

Manufacturing industries and investors are continually trying to 
improve procedures to bring down cost, vitality and grow their ability 

(Table 1). At this stage, exploration and industry intrigue lie in figuring 
out where AM can supplant or make new assembling frameworks 
[16–24]. 

AM might have the option to assume a job in assisting with sup-
porting modern gracefully chains that are influenced by constraints on 
conventional creation and imports. Co-ordinations of the supply chain 
are likely the primary enormous scope business that might be influenced 
by 3D printing innovation. As shown in Fig. 1(a) Traditional method 
involves prolonged process starting from taking raw materials, acquiring 
materials, manufacturing, distributing and selling to end-user. Fig. 1(b) 
represents changes in the supply chain that quick part production 
possible through the use of 3D printing [25–28]. 

Makers are on the whole being compelled to develop and actualize 
new and coordinated ways to deal with item observing and quality 
control. One of their greatest calculated difficulties includes guaran-
teeing their creation lines are running, despite the absence of accessible 
staff because of social distancing rules [30]. This is the place comput-
erized developments in smart manufacturing [31–33] can offer 
numerous advantages. The decision of the most appropriate procedure 
for each kind of model depends on the meaning of the target behind the 
creation of the model and different factors: innovation, creation time, 
weight, materials, cost, aesthetic, functional, investigational, surface 
completion, post processing requirements, assurance, spares and con-
sumables things. Consider the ideal characteristics for your specific 
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application and contrast them with the available choices in a given 
manufacturing processes.(Fig. 2) 

The present advanced cloud-based innovation services [35–38] and 
arrangements offer an uncommon degree of adaptability, with factory 
managers ready to remotely monitor and deal with their creation lines 
from any area with a web association [39–41]. 

The designer must realize the deciding components of the finished 
result so as to have the option to choose the most appropriate assembling 
strategy, make the essential changes to the geometrical data file (stl or 
amf), and survey the NC code. The designer must, therefore, have a full 
outline of the times of the cycle as appeared in Fig. 3. 

This highlights the impact of design for additive manufacturing 
(DFAM), when an item has been intended for a particular machine or 
cycle [42], just as the significance of print settings to optimize produc-
tion [43–46]. 

Key advantages of 3D printing over Traditional Manufacturing are 
digital storage, quicker creation, detectability of part files, reduction in 
delivery time and the capacity to deliver segments regardless of the 
complexity of part geometry. Three ISO/ASTM 3D printing measures, in 
particular Material extrusion (ME), powder bed fusion (PBF) and Vat 
photo-polymerization (VP) are most usually used to create medical parts 

in the current COVID-19 pandemic [47,48]. 

3. Market available in INDIA for additive manufacturing 

The current government has made some excellent strides in pushing 
for assembling with ventures, for example, Prime Minister Narendra 
Modi’s domestic task ’Make in India’, and the nation has seen critical 
enhancements in its ’Ease of Doing Business’ rankings [49]. There still is 
sufficient time for India to get up to speed, yet lead the world by 
concentrating on building the next generation of pioneers [50–53]. 

According to the 17th edition of the World Bank’s (WB) report on 
October 23, 2019, “Doing Business 2020-Comparing Business Regula-
tion in 190 Economies”, India has ranked 63rd in the list with the score 
of 71.0. It has improved by 14 places among 190 nations as against 77th 
position in the 2018− 19 list. Industry 4.0 [54–56] has likewise brought 
the capacity of consistent advanced physical change through robotics 
and AM innovations like 3D printing. AM advancements are reshaping 
worldwide worth chains and hold the guarantee of new creation ca-
pacities [57]. 

India right now represents just around 3 percent of the AM intro-
duced base across Asia and Oceania consolidated, however, organiza-
tions such as GE, Wipro and Intech are driving 3D printing appropriation 
in the nation. While the current market size might be little, the future 
has conceivably numerous situations and the state of the industry relies 
upon imaginative new use instances of receptions.(Fig. 4) 

In the Indian market, there are some limitations in terms of diag-
nostic kits and a sufficient standard quantity of Personal Protection 
Equipment (PPE). Presently to change India into a worldwide design and 
manufacturing hub, it is a powerful call to action to citizens and business 
pioneers to discover gaps and satisfy the necessity of the customer by 
Make in India initiative. 

The utilization and selection of 3D printing services are expanding 
step by step. There will be a more noteworthy requirement for training 
and capability building inside the associations with expanded infiltra-
tion of AM. There is additionally a growing concern that AM items can’t 
be copyrighted yet should be patented dependent on obvious differen-
tiation. An industry wide joint effort is required to create clarity on what 
meets all requirements for patent security to control the multiplication 
of replica parts. [59] 

Table 1 
Traditional Manufacturing vs AM.  

Methods Volume Cost per 
unit 

Time to 
market 

Cost of 
complexity 

Traditional 
Manufacturing  

Large batch, 
Not 
customized 

Low 
variable 
costs, High 
fixed costs 

Very slow to 
moderately 
slow 

Much higher 
than simple 
parts 

Additive 
Manufacturing  

Small batch, 
Highly 
customized 

High 
variable 
costs, No 
fixed costs 

Very fast (≤ 1 
day) 

No higher 
than simple 
parts  

Fig. 1. Traditional versus 3D printing supply chain [29]. 
(a) Traditional Supply chain. 
(b) 3D Printing supply chain. 
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4. Use of additive manufacturing to fight COVID-19 

COVID-19 pandemic is the most noticeably terrible unnerving 
episode of humanity’s rule on Earth to date. Not just it has asserted over 
a hundred thousand lives afterward, however, it has likewise given 
many restless evenings to clinical and investigates experts over the globe 
[60]. The AM industry played a key role in stopping the spread of the 
virus to the health crisis caused by COVID-19 [61–68]. 3D Printing 
apparatus give concrete solutions for healthcare workers and all those 
exposed in this time of crisis of lack of medical equipment shortages 
[69–71]. 

Hospitals around the globe confronted disturbing deficiencies of 
clinical apparatus basics like face shields and covers, testing swabs, 
ventilators, and more. While traditional supply chains [72,73] diverse to 

respond, 3D printing outfits have begun dealing with transient curiosity 
[74]. Most 3D printers can’t produce stock as fast as other assembling 
techniques like injection molding, however, they can create a wide va-
riety of designs without the need for new molds. By sharing design files 
and pooling assets, individuals from the 3D printing network have 
joined together to become something of an assembling hive mind during 
this pandemic [75,76]. 

The World Health Organization has published a list of COVID-19 
critical items facing a global shortage, grouped into three categories 
like Personal Protective Equipment (PPE), Diagnostic Equipment and 
Critical care equipment. Governments around the globe are approaching 
makers to briefly repurpose their assembling lines to meet this deficit. 
Normally, various degrees of repurposing are required to produce 
COVID-19 basic things, depending on the items’ level of complexity. 

Fig. 2. Characteristics for Manufacturing process [34].  

Fig. 3. 3D Printing process flow.  
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COVID-19 is setting off the assembling segment to re-evaluate its con-
ventional creation forms, driving digital transformation and smart 
manufacturing over the creation lines [77–80]. 

PPE refers to protective clothing, helmets, gloves, face shields, gog-
gles, surgical masks, respirators, and other equipment designed to pre-
vent wearer exposure to infection or illness in this COVID-19 pandemic. 
Some of the equipment required for the general public are covered in 
this article for the benefit of society. A large number of the PPE designs 
featured here are works in progress, and the viability of privately 
fabricated subordinates of these gadgets ought to be carefully evaluated 
locally [13,81].  

a) Face shield 

Face shields are personal protective equipment devices that are uti-
lized by numerous specialists for protection of the facial zone and 
related mucous membranes (eyes, nose, mouth) from sprinkles, 
splashes, and scatter of body liquids. In common surgical masks and N95 
masks, the assurance is only for nose and mouth, yet eyes are uncovered. 
These face shields will assist them with protecting their general face for 
a more extended time without much discomfort [82]. 

Indian Institute of Technology Madras-bolstered new businesses has 
created PPE, such as face shields (Fig. 5)from 3D Printers just as 
generally accessible materials besides to protect healthcare pro-
fessionals fighting COVID-19 [83,84]. 

Weighing under 50 gm, the 3D-printed Face Shields utilize an 
adaptable plastic casing to fit people without the requirement of elastic 
bands and can be worn for long hours. It utilizes a replaceable trans-
parent sheet, which is cheap and can be handily taken off [86].  

b) Stopgap Face Mask 

The Stopgap Face Mask (Fig. 6) is created as an emergency action to 
protect frontline workers and secondary support service health care 
professionals. It consists of two main parts mask body and filter cover 
[87–101]. 

The mask and filter cover is printed from a biocompatible nylon 
material using selective laser sintering technology. The others feature 
for the attachments are flexible straps and rectangular filter patch are 
disposed of after every use of this device [103].  

c) Mask Adjuster 

Mask adjuster (Fig. 7) plays an important role for hospital staff who 
need to wear a face mask for an extended period [104,105]. 

A designer is fabricating thousands of 3d printed buckles to improve 
comfort and alleviate associated ear pain for medical workers treating 
coronavirus patients.  

d) Swabs 

Another critical factor in the battle against coronavirus is widespread 
diagnostic testing. The common processes consist of inserting a five- 
inch-long nasal swab along the nasal septum until the nasopharynx is 
reached. The swab must then be rotated for up to 15 s to collect secre-
tions before being removed and placed in a sterile container for lab 
testing [107–114]. 

The 3D-printed swab (Fig. 8) design is thin at the top and gets 
gradually thicker throughout the neck and handle. It has a well-designed 
tip for efficacy in sample collection for a medical professional, and also 
for patient comfort and safety [116]. 

But for large-scale testing (Fig. 9), medicinal services experts get 
tired and exhausted of tedious work. The robot has extraordinary po-
tential for mass screening for COVID-19 in the healthcare sector. So to 
fulfill these gap Robotics researchers from the University of Southern 
Denmark have built up the world’s first completely programmed robot 
to do throat swabs for COVID-19 [117–119]. 

The 3D printed robot swabs the patients with the goal that human 
services experts are not presented to the danger of contamination.  

e) Ventilator parts 

HP has declared achievement in empowering frontline workers and 
communities to react to the difficulties of COVID-19 through 3D print-
ing. HP has collaborated with Redington 3D in India, to effectively 
create 120,000 ventilator parts for AgVa Healthcare (Fig. 10). As a major 
aspect of this activity, 12 classes of parts have been 3D printed, to make 
10,000 ventilators [120–131]. 

These ventilators are being sent across India for the treatment of 
COVID-19 patients. The parts incorporate breathe in and breathe out 
connectors, valve holders, oxygen nozzles and solenoid mounts among 

Fig. 4. Additive Technology usage by manufacture industries [58].  

Fig. 5. 3D Printable Face shield [85].  
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Fig. 6. 3D Printable Stopgap Face Mask [102].  

Fig. 7. 3D Printable mask adjuster [106].  

Fig. 8. 3D Printable swab [115].  

Fig. 9. Swab testing. 
(a)Manually (b) Automatic 
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others. By using the conventional process to prepare such types of 
complex parts it requires 4–5 months to manufacture theses quantities 
but with HP 3D printing innovation, these parts were printed in only 24 
days [132–137].  

f) Hands-Free 3D-Printed Door Opener 

The infection that causes COVID-19 can live on surfaces for a long 
time which implies it may infect yourself by reaching a contaminated 
surface. People often have to enter and exit rooms so it may be possible 
to infect yourself by touching the door handle [138]. 

To shield from such kind of polluted surface a 3D Printable Door 
Opener (Fig. 11) can be fitted onto entryways in clinics and organiza-
tions, permitting individuals to open entryways without hands.  

g) Quarantine Booths 

There has been an increased need for facilities to quarantine oneself 
in this critical situation of COVID-19. In this demand, Winsun, a 3D 
printing firm has found an ingenious solution [140]. 

By using 3D-printing powers on an architectural scale firm is pre-
paring 15 coronavirus isolation wards (Fig. 12) in a single day. The 
isolation wards are also furnished with electricity and water supplies. 
This will help overcome the shortage of Hospital rooms at a time when 
the country and the world are facing the COVID-19 crisis.  

h) Drone Technology 

The FICCI Drone Committee comprehend that drones (Fig. 13) are 
playing a huge job in a battle against the coronavirus in help to the 
accompanying activities undertaken by Police, healthcare and munic-
ipal authorities like Surveillance and lockdown enforcement, public 
broadcast, checking monitoring body temperatures, medical & emer-
gency food supplies delivery, surveying & mapping, spraying disinfec-
tants, etc [141–149]. 

“Corona Killer”, as now popularly known, the Quick Sanitization 
Drones possess the capacity to cover almost 20 km/day and it is 5 times 
more efficient than manual sprayers and cost-effective, and got its 
recognition from the Government of India. 3D printing shortens lead 

times during product development, brings down creation expenses, and 
engages designers and manufacturers to face more challenges with new 
3D printed drone structures that give new expected applications to the 
innovation [150]. 

Digital Aerolus, a worldwide innovator in autonomous advancement 
has developed the essential indoor drone (Fig. 14) to fight the spread of 
the COVID-19 contamination with a 99 % cleansing rate. 

5. Recommendations and conclusions 

The battel against Coronavirus elimination requires a multi-sectoral 
approach by focusing on treatment, supportive care, prevention and 
quickly initiate research projects on medical equipment and vaccine 
development. As per the World Bank data shown in the below Figs. 15 
and 16point to the strong possibility that the strength of the healthcare 
system and the base level of health in the general population are two 
other important factors that matter crucially. 

Numerous articles have been written in the clinical field identified 
with the COVID-19 flare-up that has encircled the World and killed 
numerous individuals. Around the world, the episode brought about by 
COVID-19 makes individuals have restricted social opportunity. General 
wellbeing activities, for example, social distancing, can cause in-
dividuals to feel confined and desolate and can build pressure and 
nervousness. However, these activities are important to decrease the 

Fig. 10. 3D Printable Ventilator Parts.  

Fig. 11. 3D Printable Door Opener [139].  

Fig. 12. 3D Printable isolation wards [140].  
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spread of COVID-19 [154,155]. 
Then again, reductions in greenhouse gas emissions are seen because 

of altogether reduced street transport, reduced industrial, educational 
and other activities. With restrictions on up close and personal clinical 
meetings in the COVID-19 pandemic and the difficulties looked by 
medical care frameworks in conveying patient care, innovations like 
telemedicine and smartphone are playing a key role [156–158]. 

To avoid a potential pandemic-level outbreak of Coronavirus, rec-
ommendations to utilize advanced manufacturing resources to provide 
hospital services in a short duration of time. Medical parts are available 
but because of logistical and supply issues, they may not reach at 
requiring place in time. 3D printing has gotten an opportunity to prove 
itself as an answer for the quick creation of basic segments for life-saving 
machines in the tragedy of COVID-19. 

The government of India (GoI) launch different schemes/services 
(Fig. 17) to raise funds and adopt new technologies in manufacturing 
and another sector. India is an important player and tremendous po-
tential for diffusing new technology in the Indian market and get 

Fig. 13. Drone for COVID-19 [150].  

Fig. 14. Indoor Disinfection Drone [151].  

Fig. 15. Size of Coronavirus Lockdown [152].  

Fig. 16. Steep growth of Coronavirus in selected European countries and 
India [153]. 

Fig. 17. Government of India schemes / Services [159–161].  
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economic benefits with affordable additive technology price, and future 
possibilities continue to rise. 

In this context, the objective of the study is to scrutinize the moti-
vational factors of entrepreneurs that encouraged to adopt additive 
technology and how its function as responsible innovation. Additive 
manufacturing society of India’s vision for 2020 aims to put a 3D printer 
in every educational institute in India, so its help to education is a 
practical based. In this regard, they organize a business summit such as 
Gujarat Vibrant, the plastic summit, etc. Moreover, the examination 
additionally looks at specific chances and difficulties that impact the 
adjustment procedure; and describe explicit plans of action contributes 
towards reliable development. 

Portuguese specialists are working with Lisbon University, Fan3D 
and others to create formats and legitimate systems to bring resident 
drove 3D printing into clinical arrangement. Elsewhere in Europe, the 
European Commission is working with the European Association for AM 
on ventures to deliver clinical hardware for medical clinics handling the 
COVID-19 epidemic. The U.S. Division of Health and Human Services is 
additionally making similar examinations for COVID-19 pandemic [162, 
163]. 

AM has the upside of facilitating the production of complex building 
structures, for example, clinical gadgets including PPE that can’t be 
easily produced using traditional methods. Customization is tedious and 
costly when by conventional manufacturing techniques. This is the place 
AM makes well and aides in the plan of customized product. 

Metal cutting pioneer, Sandvik Coromant [164], has built up another 
3D demonstrating procedure that can 3D print up to 200 plastic face 
shields in the time conventional methods require to print one. This 
innovation makes ideal fit of the customized product, saves time as well 
as cost [165]. A short review identified with the most recent 3D printing 
endeavors against COVID-19 is represented in Table 2. 

Overall information from this examination shows that face shields 
are essentially faster to 3D print than face masks, requiring less material, 
less 3D printed parts, and along these lines costing less to 3D print, 
which might be contributing variables to the prominence of face shields 
among producers compared to face masks. 

Subsequently the determined 3D printing potential on the globe is in 
truth moderately assessed to be in any event 10–100 times bigger, and 
along these lines can huge affect the lack of clinical flexibly in the cur-
rent circumstance. Moreover, it ought to be noticed that specific 3D 
printing advances are better for assembling explicit kinds of items than 
others. 

Based on the discoveries, our investigation gives measurable proof 
that the most potential medical services items that can be fabricated 
utilizing 3D printing are those that have a high profitability with a single 
set of equipment and with boundless accessibility of hardware in the 
market. In any case, this new unregulated flexibly chain has additionally 
opened new inquiries concerning product certification and IP. There is a 
squeezing need to create 3D printing clinical norms for current and 
future pandemics. 

Indian Governments are likewise observing all the points and effec-
tively reassuring advancement in this space. The first impact is to 
improve as-is forms by quickening the structure period of new item 
advancement, upgrading quality by different rounds of testing of models 
well in time and modifying the manufacture of tooling to improve 
profitability. The subsequent effect is on item development by 
decreasing driving weight, production cost and assembly process 
through part simplification and empowering quick customization of 
parts. The third effect is to investigate the reduction of after-market part 
inventory through disseminated producing and improving business 
sector responsiveness and reducing lead time for customization of em-
bellishments or elite parts. At long last, overall disruptions in the plan of 
action are normal as AM can help the worth creation portion of Original 
Equipment Manufacturer (OEMs) and investigate choices for on location 
manufacture to quicken support and fix for costly segments. 

In such manner, a forward-thinking survey has been led to decide the 

capacity of AM for giving elite advantages to mankind inside the clinical 
medical services supplies division. Notwithstanding the numerous ad-
vantages identified with utilizing AM in medical care applications, there 
are some significant limitations, and consequently the focal points and 
impediments of this innovation have been introduced. The findings 
show that experts and investigators who used to with AM can focus on 
the current situation of AM from their perspective. It brings another 
change in perspective in shaping and performing creative thoughts for 
designers and innovators. 
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Table 2 
Companies respond to COVID-19 [166].  

Sr. 
No. 

COVID-19 
products 

Organization(Country): 
Production Capacity 

Number of parts 
produced 
Approximately 

1 Face shield 

Nissan (Japan) [167]: weekly 1,00,000 
Ricoh 3D (Printing, U.K.) [167]: 
weekly 40,000 

Nexa3D (U.S.) [167]: weekly 10,000 
Voodoo Manufacturing (U.S.) 
[167]: weekly 

2500 

Boson Machines(India) [168]: 
Daily 

5000− 7000 

Fabheads Automation(India) 
[169]: Daily 5000 

Azul3D (USA)) [167]: Daily 1000 
Y Soft 3D (Czech Republic)) 
[167]: Daily 

500 

3D Usher(India) [170]: Daily 200 
Omni3D (Poland)) [167]: Daily 120 

2 
Stopgap Face 
Mask 

Carmaker BYD joint venture 
between SAIC, General Motors, 
DaddyBaby, Foxconn & Sinopec 
(China) [171]: Daily 

10,00,000 

Indian Institute of Technology 
(INDIA) [172] : Daily 

25,000 

3 
Safety goggle & 
Mask adjuster 

PERA CD- N95 mask lining 
bracket—Farsoon Technologies 
(China)) [167]: Daily 

2000 

4 Swabs 

Formlabs(U.S.)) [167]: 
nasophryngeal swabs: weekly 40,00,000 

Nexa3D (U.S.)) [167]: Test 
swabs: weekly 5,00,000 

Stratasys & Origin (U.S.)) [167]: 
Nasopharyngeal swabs: Daily 

1,90,000 

Voodoo Manufacturing(U.S.)) 
[167]: Test Swab: weekly 

50,000 

5 Ventilator parts 

Protolabs (U.S.)) [167]: Every 
quarter 20,000 

Airon GE Healthcare(U.S.) & 
Ford (U.S.) [173] : Monthly 

30,000-50000 

Bharat Electronic Limited(India) 
[174]:Daily 

300− 500 

AgVa healthcare & Maruti 
suzuki (India) [175]: Monthly 

10000− 20000 

6 Door Opener 
DRDL & DRDO (India) [176] : 
Every quarter 15000 

Stratasys(USA) [139]: Monthly 1600 

7 Quarantine 
Booths 

Winsun (China) [140] : Daily 15 

8 Drone 

Garuda Aerospace (India) [150] 
:Monthly 

100 

3D Printing center(Poland) 
[177]:Monthly 500− 1000  
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[39] Sarkis J, Cohen MJ, Dewick P, Schröder P. A brave new world: lessons from the 
COVID-19 pandemic for transitioning to sustainable supply and production. 
Resour Conserv Recycl 2020;159(04):104894. https://doi.org/10.1016/j. 
resconrec.2020.104894. 

[40] Abdulhameed O, Al-Ahmari A, Ameen W, Mian SH. Additive manufacturing: 
challenges, trends, and applications. Adv Mech Eng 2019;11(2):1–27. https://doi. 
org/10.1177/1687814018822880. 

[41] Jumaah O. A study on 3D printing and its effects on the future of transportation. 
Department of mechanical and aerospace engineering rutgers. The State 
University of New Jersey; 2018. September. 

[42] Chua CK, Leong KF. 3D printing and additive manufacturing - principles and 
applications. 5th edn. Singapore: World Scientific Publishing; 2017. 

[43] Jin Y, Du J, He Y. Optimization of process planning for reducing material 
consumption in additive manufacturing. J Manuf Syst 2017;44:65–78. https:// 
doi.org/10.1016/j.jmsy.2017.05.003. 

[44] Zhang J-L, Zhang Z, Han Y. Research on manufacturability optimization of 
discrete products with 3D printing involved and lot-size considered. J Manuf Syst 
2017;43:150–9. https://doi.org/10.1016/j.jmsy.2017.03.002. 

[45] Lim KYH, Zheng P, Chen C-H, Huang L. A digital twin-enhanced system for 
engineering product family design and optimization. J Manuf Syst 2020;57: 
82–93. https://doi.org/10.1016/j.jmsy.2020.08.011. 

[46] Wu D, Ren A, Zhang W, Fan F, Liu P, Fu X, et al. Cybersecurity for digital 
manufacturing. J Manuf Syst 2018;48:3–12. https://doi.org/10.1016/j. 
jmsy.2018.03.006. 

[47] Novak JI, Loy J. A quantitative analysis of 3D printed face shields and masks 
during COVID-19. Emerald Open Research 2020;2:42. https://doi.org/10.35241/ 
emeraldopenres.13815.1. 

[48] Advincula RC, Dizon JRC, Chen Q, Niu I, Chung J, Kilpatrick L, et al. Additive 
manufacturing for COVID-19: devices, materials, prospects, and challenges. MRS 
Commun 2020;10(3):413–27. https://doi.org/10.1557/mrc.2020.57. 

[49] Business C. Of world Bank ease Of doing business 2020 report. “Doing business 
2020-Comparing Business Regulation in 190 economies”, India. 17th edition 
2020. 

[50] GoI. Indian Government Schemes", scheme by the government. 2020. 29 May 
Retrieved 29 May 2020. 

[51] Kachroo V. Novel coronavirus (COVID-19) in India : current scenario. 
International Journal of Research and Review 2020;7(3):435–47. 

[52] Cimini C, Pirola F, Pinto R, Cavalieri S. A human-in-the-loop manufacturing 
control architecture for the next generation of production systems. J Manuf Syst 
2020;54:258–71. https://doi.org/10.1016/j.jmsy.2020.01.002. 

[53] Dangayach GS, Deshmukh SG. Manufacturing strategy: experiences from select 
indian organizations. J Manuf Syst 2000;19(2):134–48. https://doi.org/10.1016/ 
S0278-6125(00)80006-0. 

[54] Mittal S, Khan MA, Romero D, Wuest T. A critical review of smart manufacturing 
& Industry 4.0 maturity models: implications for small and medium-sized 
enterprises (SMEs). J Manuf Syst 2018;49:194–214. https://doi.org/10.1016/j. 
jmsy.2018.10.005. 

P. Patel and P. Gohil                                                                                                                                                                                                                           

https://doi.org/10.1016/j.ajme.2017.09.003
https://doi.org/10.1016/j.ajme.2017.09.003
https://doi.org/10.1016/j.mtchem.2020.100300
https://doi.org/10.1016/j.mtchem.2020.100300
https://doi.org/10.1016/j.scitotenv.2020.138858
https://doi.org/10.1016/j.scitotenv.2020.138858
https://doi.org/10.1016/j.jmsy.2019.03.005
https://doi.org/10.1016/j.jmsy.2019.03.005
https://doi.org/10.1016/j.jmsy.2014.07.003
https://doi.org/10.1016/j.jmsy.2014.07.003
https://doi.org/10.1016/j.jmsy.2011.07.010
https://doi.org/10.1016/j.jmsy.2011.07.010
https://doi.org/10.1016/j.jmsy.2017.03.006
https://doi.org/10.1016/j.jmsy.2017.03.006
https://doi.org/10.1016/j.jmsy.2018.12.002
https://doi.org/10.1016/j.jmsy.2018.12.002
https://doi.org/10.1016/j.apmt.2019.100515
https://doi.org/10.1038/s41578-020-00234-3
https://doi.org/10.18063/ijb.v6i4.278
https://doi.org/10.18063/ijb.v6i4.286
https://doi.org/10.18063/ijb.v6i4.286
https://doi.org/10.1016/j.techsoc.2020.101305
https://doi.org/10.1016/j.techsoc.2020.101305
https://doi.org/10.1016/j.jmsy.2019.11.006
https://doi.org/10.1016/j.jmsy.2016.07.004
https://doi.org/10.1016/j.susoc.2020.06.001
https://doi.org/10.1016/j.dsx.2020.04.032
https://doi.org/10.1016/j.dsx.2020.04.032
https://doi.org/10.1016/S0278-6125(97)81701-3
https://doi.org/10.1016/S0278-6125(97)81701-3
https://doi.org/10.1016/j.jmsy.2016.03.001
https://doi.org/10.1016/j.jmsy.2016.03.001
https://doi.org/10.1016/j.jmsy.2014.07.014
https://doi.org/10.1016/j.jmsy.2014.07.014
https://doi.org/10.1016/0278-6125(87)90037-9
https://doi.org/10.1016/0278-6125(87)90037-9
https://doi.org/10.1016/j.jmsy.2012.02.004
https://doi.org/10.1016/j.jmsy.2019.04.008
https://doi.org/10.1016/0278-6125(85)90021-4
https://doi.org/10.1016/j.promfg.2019.02.003
https://doi.org/10.1016/j.oneear.2020.06.017
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0135
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0135
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0135
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0135
https://doi.org/10.1016/j.jmsy.2014.09.009
https://doi.org/10.1016/j.jmsy.2014.09.009
https://doi.org/10.1051/matecconf/201713400027
https://doi.org/10.1051/matecconf/201713400027
https://doi.org/10.4236/ajibm.2020.105066
https://doi.org/10.1016/j.jmsy.2018.01.006
https://doi.org/10.1016/j.jmsy.2018.01.003
https://doi.org/10.1016/j.jmsy.2018.01.003
https://doi.org/10.1016/j.jmsy.2020.10.001
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0170
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0170
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0170
https://doi.org/10.1016/j.jmsy.2018.03.005
https://doi.org/10.1016/j.jmsy.2017.02.007
https://doi.org/10.1016/j.jmsy.2017.02.007
https://doi.org/10.1016/j.jmsy.2020.05.017
https://doi.org/10.1016/j.jmsy.2016.08.005
https://doi.org/10.1016/j.resconrec.2020.104894
https://doi.org/10.1016/j.resconrec.2020.104894
https://doi.org/10.1177/1687814018822880
https://doi.org/10.1177/1687814018822880
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0205
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0205
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0205
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0210
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0210
https://doi.org/10.1016/j.jmsy.2017.05.003
https://doi.org/10.1016/j.jmsy.2017.05.003
https://doi.org/10.1016/j.jmsy.2017.03.002
https://doi.org/10.1016/j.jmsy.2020.08.011
https://doi.org/10.1016/j.jmsy.2018.03.006
https://doi.org/10.1016/j.jmsy.2018.03.006
https://doi.org/10.35241/emeraldopenres.13815.1
https://doi.org/10.35241/emeraldopenres.13815.1
https://doi.org/10.1557/mrc.2020.57
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0245
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0245
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0245
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0250
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0250
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0255
http://refhub.elsevier.com/S0278-6125(20)30193-X/sbref0255
https://doi.org/10.1016/j.jmsy.2020.01.002
https://doi.org/10.1016/S0278-6125(00)80006-0
https://doi.org/10.1016/S0278-6125(00)80006-0
https://doi.org/10.1016/j.jmsy.2018.10.005
https://doi.org/10.1016/j.jmsy.2018.10.005


Journal of Manufacturing Systems 60 (2021) 811–822

820

[55] Peralta ME, Soltero VM. Analysis of fractal manufacturing systems framework 
towards industry 4.0. J Manuf Syst 2020;57:46–60. https://doi.org/10.1016/j. 
jmsy.2020.08.004. 

[56] Hoffmann Souza ML, da Costa CA, de Oliveira Ramos G, da Rosa Righi R. 
A survey on decision-making based on system reliability in the context of Industry 
4.0. J Manuf Syst 2020;56:133–56. https://doi.org/10.1016/j.jmsy.2020.05.016. 

[57] Amrut Godbole. COVID-19 can accelerate 3D printing in India. Gateway House 
2020;2. April 2020. 

[58] Jayantilal Desai Nitesh. Thesis ch 5: “Responsible research and innovations in 3D 
printing: exploring the indian system of additive manufacturing”, India. July. 
2018. 

[59] Mitra Arabinda. Harnessing science, technology and innovation in India for 
tackling COVID-19. RIS Diary 3rd Special Issue on COVID-19 2020;16(4):1–35. 

[60] Sufian A, Ghosh A, Safaa A, Smarandache F. A survey on deep transfer learning to 
edge computing for mitigating the COVID-19 pandemic. J Syst Archit 2020;108 
(04):101830. https://doi.org/10.1016/j.sysarc.2020.101830. 

[61] Shpichka A, Bikmulina P, Peshkova M, Kosheleva N, Zahmatkesh E, Khoshdel- 
rad N, et al. Engineering a model to study viral infections: bioprinting, 
microfluidics, and organoids to defeat coronavirus disease 2019 (COVID-19). Int J 
Bioprinting 2020;6(4). https://doi.org/10.18063/ijb.v6i4.302. 

[62] Ng WL, Chua CK, Shen YF. Print me an organ! Why we are not there yet.  Prog 
Polym Sci 2019;97:101145. https://doi.org/10.1016/j. 
progpolymsci.2019.101145. 

[63] Tan HW, An J, Chua CK, Tran T. Metallic nanoparticle inks for 3D printing of 
electronics. Adv Electron Mater 2019;5:1800831. https://doi.org/10.1002/ 
aelm.201800831. 

[64] Tan HW, Saengchairat N, Goh GL, An J, Chua CK, Tran T. Induction sintering of 
silver nanoparticle inks on polyimide substrates. Adv Mater Technol 2020;5: 
1900897. https://doi.org/10.1002/admt.201900897. 

[65] Bishop EG, Leigh SJ. Using large-scale additive manufacturing as a bridge 
manufacturing process in response to shortages in personal protective equipment 
during the COVID-19 outbreak. Int J Bioprinting 2020;6(4). https://doi.org/ 
10.18063/ijb.v6i4.281. 

[66] Nazir A, Azhar A, Nazir U, Liu Y-F, Qureshi WS, Chen J-E, et al. The rise of 3D 
Printing entangled with smart computer aided design during COVID-19 era. 
J Manuf Syst 2020. https://doi.org/10.1016/j.jmsy.2020.10.009. 

[67] Malik AI, Sarkar B. Disruption management in a constrained multi-product 
imperfect production system. J Manuf Syst 2020;56:227–40. https://doi.org/ 
10.1016/j.jmsy.2020.05.015. 

[68] Zhang H, Zhu B, Li Y, Yaman O, Roy U. Development and utilization of a Process- 
oriented Information Model for sustainable manufacturing. J Manuf Syst 2015; 
37:459–66. https://doi.org/10.1016/j.jmsy.2015.05.003. 

[69] Computerworld. 3D printing signs up to fight COVID-19. 2020. covid-19.html, 
https://www.computerworld.com/article/3537409/3d-printing-signs-up-to-figh 
t. 

[70] Vordos N, Gkika DA, Maliaris G, Tilkeridis KE, Antoniou A, Bandekas DV, et al. 
How 3D printing and social media tackles the PPE shortage during Covid – 19 
pandemic. Saf Sci 2020;130(May):104870. https://doi.org/10.1016/j. 
ssci.2020.104870. 

[71] Petch Michael. 3D printing community responding to COVID-19 and coronavirus 
resources. 3D Printing industry; 2020. April. 

[72] Smith JM, Kerbache L. Topological network design of closed finite capacity 
supply chain networks. J Manuf Syst 2017;45:70–81. https://doi.org/10.1016/j. 
jmsy.2017.08.001. 

[73] Huang Y-Y, Li S-J. How to achieve leagility: a case study of a personal computer 
original equipment manufacturer in Taiwan. J Manuf Syst 2010;29(2):63–70. 
https://doi.org/10.1016/j.jmsy.2010.09.001. 

[74] Novak JI, Loy J. A critical review of initial 3D printed products responding to 
COVID-19 health and supply chain challenges. Emerald Open Research 2020;2: 
24. https://doi.org/10.35241/emeraldopenres.13697.1. 
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